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INTRODUCTION
Yersinia enterocolitica is a gram-negative pathogen causing gastrointestinal disease in humans and other mammals (Cover and Aber 1989) . In order to colonize its host and cause disease, Y. enterocolitica requires the deployment of effector proteins into host cells by a type 3 secretion (T3S) system. Yersinia enterocolitica maintains three different T3S systems. The first two are categorized as contact-dependent systems that interact with host organisms and inject effector proteins directly into the cytosol of eukaryotic cells using a needle-like structure. The first T3S system, Ysc, is encoded by a virulence plasmid and injects effectors termed Yops (Yersinia outer proteins; Cornelis 2002) . The second system, Ysa, injects a set of effectors termed Ysps (Yersinia secreted proteins; Haller et al. 2000) . The third is utilized for the assembly of flagella and the extracellular secretion of the phospholipase YplA (Young, Schmiel and Miller 1999) . All three T3S systems are involved in Y. enterocolitica virulence, suggesting that each system is expressed at some point during the infectious cycle (Young and Young 2002a; Venecia and Young 2005) .
Activation of T3S system genes in the host environment is controlled by a multitude factors, and proper coordination of Figure 1 . Regulatory circuitry of the Csr system and models for activation or repression by CsrA. The carbon storage regulator (Csr) system is composed of the RNA-binding protein CsrA and the two regulatory RNAs CsrB and CsrC. CsrA is activated by the CsrD, RNase E, and PNPase complex, which reduces the amount of CsrB/C and frees CsrA. CsrA then binds to target mRNAs and, depending on the context of the binding site, is capable of either activating or repressing translation (1a, b, and c) (Vakulskas et al. 2015) .
genes is likely to require global regulatory systems. One common global regulator involved in the virulence of Yersinia and many other pathogens is carbon storage regulator A (CsrA; Vakulskas et al. 2015) . The activity of CsrA has been well characterized in Escherichia coli and a wide variety of other bacterial species. CsrA binds RNA and acts as a post-transcriptional regulator of many specific genes, usually in response to changing environmental conditions, which mediates mRNA stability and sometimes translation initiation (Romeo et al. 1993; Romeo 1998; Timmermans and VanMelderen 2009; Heroven, Bohme and Dersch 2012) . Mechanistically, a well-established model summarizes that CsrA binds to target mRNAs and, depending on the context of the binding site, is capable of either activating or repressing translation ( Fig. 1 ; Vakulskas et al. 2015) . CsrA function is controlled by additional components of the Csr system. CsrB and CsrC are two small non-coding RNA molecules that bind to CsrA and sequester it from target mRNAs, thereby titrating the amount of CsrA available within the cell (Liu et al. 1997; Romeo 1998; Weilbacher et al. 2003; Vakulskas et al. 2015) . CsrD controls the stability of CsrB and CsrC by modulating their degradation by RNase E. (Suzuki et al. 2006) . Free CsrA binds to the 5 -UTR of target mRNAs thereby altering translation, mRNA turnover and/or transcript elongation (Vakulskas et al. 2015) . Escherichia coli CsrA stabilizes flhDC, which encodes the master regulator of flagellum biosynthesis and chemotaxis, by preventing RNase E-mediated cleavage. Free CsrA has binding specificity for the sequence predominantly CAGGA(U/A/C)G in the single-stranded region of two RNA hairpins located at the 5 end of flhDC ( Fig. 1a ; Liu et al 1997; Yakhnin et al. 2013; Vakulskas et al. 2015) . CsrA operates to control flhDC in Y. pseudotuberculosis by a similar mechanism (Heroven et al. 2008) . Escherichia coli CsrA represses translation of glgC, which encodes the glycogen biosynthetic enzyme ADPglucose pyrophosphorylase, by directly binding to and blocking the ribosomal-binding site (RBS; Fig. 1b ; Baker et al. 2002; Vakulskas et al. 2015) . Escherichia coli CsrA also boosts transcriptional termination of pgaA, which is responsible for the synthesis of a biofilm polysaccharide adhesion. In the presence of free CsrA, the transcriptional termination protein Rho binds pgaA mRNA, which leads to Rho-dependent termination of pgaA transcription ( Fig. 1c ; Wang et al. 2005; Vakulskas et al. 2015) .
Previous work in our lab examined the effect of the Csr system in Y. enterocolitica, specifically focusing on CsrA. We found that the global influence of the CsrA system in Y. enterocolitica is reflected by many different physiological changes (LeGrand et al. 2015) . The CsrA mutant exhibited increased sensitivity of Y. enterocolitica to various osmolytes, temperatures and antibiotics. Mutation of csrA affected the flagellar T3S system by affecting expression of flagellar genes and the ability to export the flagellar T3S system-dependent phospholipase, YplA (LeGrand et al. 2015) . This study investigated how Y. enterocolitica CsrA affects expression of the Ysa and Ysc T3S system regulatory cascades that control export of Ysps and Yops, respectively.
MATERIALS AND METHODS

Bacterial strains and media
The bacterial strains used in this study are described in Table 1 (Young, Schmiel and Miller 1999; Young and Young 2002a ). Antibiotics (in micrograms per milliliter) were used as follows. For Y. enterocolitica, working concentrations were chloramphenicol, 10; kanamycin, 50; nalidixic acid, 20 and tetracycline, 7.5. For E. coli, working concentrations were ampicillin, 50; chloramphenicol, 25; kanamycin, 50 and tetracycline, 15.
Construction of plasmids and bacterial strains
Previously, a fragment of DNA with csrA was inserted into the low copy plasmid pTM100 to produce pGY1298. The plasmid was introduced into GY448, resulting in strain GY6535 (csrA/csrA+). As a negative control, the vector, pTM100, Young and Young (2002b) was also introduced into GY448, resulting in strain GY6536 (VC; LeGrand et al. 2015) .
Construction of lacZYA reporter strains for Ysa T3S system
General DNA manipulations were done as described previously (Ausubel et al. 2001) . The generation of ysaE locus in pFUSE plasmid analysis was as follows: DNA corresponding to ysaE from pDW6 was amplified by Polymerase Chain Reaction (PCR) with Pfu polymerase (Stratagene, La Jolla, CA) using oligonucleotide primers PysaE-F (5 -ACTAGTCTCCAGCGCCTGATCATC-3 -SpeI) and PysaE-R (5 CCGCGGGGCGACAAGTAAAGCCG-3 -SacII). The fragment of DNA generated by PCR was cloned into pCR-Blunt II-TOPO (pTOPO) to create pGY1312. Subsequently, a SpeI-SacII fragment was subcloned into the SacII site of pFUSE to create pGY1315. This plasmid was then introduced into Y. enterocolitica strains by conjugation. Previously constructed pFUSE plasmids for ysrS and yspP were mobilized from E. coli S17-1λ (pir) into the indicated strains of Y. enterocolitica by conjugation.
Construction of lacZYA reporter strains for Ysc T3S system
Construction of the strains containing a chloramphenicol resistance cassette was as follows: PCR-based DNA amplification of the region containing csrA from pTOPO was performed using PfuTurboDNA polymerase (Stratagene, La Jolla, CA). PCR used upstream primer csrA1 (5 -CAATGCGCCATATCTCTATG-3 ) and downstream primer csrA3 (5 -GTAACACGAGACGCTTCTTC-3 ). The DNA fragment was gel purified using a QIAquick gel extraction kit (Qiagen, Valencia, CA). Plasmid DNA was isolated from E. coli DH5α using a QIAprep spin midiprep kit (Qiagen). The DNA fragment was then released by digestion with EcoRI (New England Biolabs, Ipswich, MA) for ligation into the same sites of the plasmid-based expression vector pTM100 (Michiels and Cornelis 1991) using T4 DNA ligase (New England Biolabs) to produce pGY1314. The plasmid was introduced into GY448, resulting in strain GY6714 (csrA/csrA+). Plasmids pGY839, pGY820 and pGY822 were purified and introduced into GY448 and GY123. These Y. enterocolitica cells were transformed by electroporation, using a slight modification of the protocol of Conchas and Carniel (1990) .
Preparation of extracellular proteins and sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Extracellular proteins were prepared as previously described (Young and Young 2002a,b) . Induction of protein secretion was achieved by subculturing Y. enterocolitica strains grown overnight in TYE medium to an optical density at 600 nm (OD 600 ) 0.1 (Yops) or 1.0 (Ysps) in TYE medium either depleted of calcium by the addition of 20 mM sodium oxalate and 20 mM MgCl 2 (Ysc medium) or supplemented with 290 mM NaCl (Ysa medium). Following growth at 37
• C for 6 h with mild aeration, the OD 600 of each culture was determined. Bacterial cells were separated by centrifugation and culture supernatants were collected. Secreted proteins were then concentrated by precipitation with 10% (vol/vol) ice-cold trichloroacetic acid and washed with ice-cold acetone. Each of the protein samples was resuspended in a volume of sodium dodecyl sulfate (SDS) polyacrylamide sample buffer containing 2-mercaptoethanol according to the OD 600 of the cultures. Samples were heated in boiling water for 5 min and analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) at 12.5% polyacrylamide concentration. Proteins were visualized by staining with Coomassie brilliant blue (Yops) or silver (Ysps; Blum, Beier and Gross 1987).
Measurements of β-galactosidase activity
Yersinia enterocolitica harboring lacZYA transcriptional fusions were cultured overnight at 26
• C in TYE medium and subcultured to an OD 600 of 1 in 5 ml TYE broth base (1% tryptone, 0.5% yeast extract) supplemented for Yop secretion with 20 mM sodium oxalate and 20 mM MgCl 2 and for Ysp secretion with 290 mM sodium chloride. Cultures were incubated at 26 • C and 37
• C for 6 h. Bacterial cells were harvested then assayed for β-galactosidase activity as previously described (Miller 1972) . The assays were performed in triplicate at least three times, and error bars represent standard deviation.
RESULTS
CsrA represses expression of Ysa T3S system genes
Given that most often CsrA acts as a mediator of mRNA stability, an activity that can be monitored using lacZ transcriptional fusions, we employed a collection of reporter strains to assess expression of genes spanning the Ysa T3S system regulatory cascade (Venecia and Young 2005; Walker and Miller 2009 ). With constructs driven by the promoter of a gene of interest, alter- Figure 2 . CsrA represses expression of Ysa T3S system genes. LacZ production from the vector pFUSE was driven by the upstream region, including the ShineDalgarno sequence, of ysaE, ysrRST, or yspP in strains GY123 (WT), GY448 (csrA), GY6536 (Vector Control, VC), and GY6535 (csrA/csrA+). Results are averages ± standard deviation of at least three independent experiments performed in triplicate. The statistical significances of the differences compared to wild type values are indicated above the bars using Student's t-test, * * * P < 0.0001, * * P < 0.001, * P < 0.01.
ations in β-galactosidase activity likely reflect changes resulting from transcriptional control of that gene. In this study, we used the promoters of three Ysa regulatory genes (ysrRST, ysaE and yspP) to drive expression of lacZ (Table 1) . These gene promoters were selected based on their different roles in the T3S system as well as their chromosomal locations. At the top of the regulatory cascade are the Class I genes, ysrRST that encode a phosphorelay system (Walker and Miller 2009 ). The YsrRTS phosphorelay system activates Class II genes including the regulatory gene ysaE. YsaE, an AraC-type activator, in turn induces expression of Class III genes including yspP, which encodes one of the secreted Ysa effector proteins. To this end, bacteria were incubated under conditions that induce expression of the Ysa T3S system genes, 26
• C in 290 mM sodium chloride for 6 h, a point at which it was experimentally determined (Young and Young 2002a; Venecia and Young 2005) . We compared the relative expression of ysrRST, ysaE and yspP in CsrA mutant strains to those of the wild type (WT; Fig. 2) . Expression of these genes is increased by 1.66-, 11.63-and 2.56-fold, respectively, in the CsrA mutant relative to WT. When csrA was reintroduced on a low copy plasmid into the CsrA mutant strain, expression of ysrRST, ysaE and yspP was restored to levels comparable to those observed in the WT strain (Fig. 2) . Since the CsrA mutant was affected for Class I, II and III genes, it appears CsrA affects expression at the top of the regulatory cascade of the Ysa T3S system.
The csrA mutant over-secretes Ysps
Given that CsrA can act at the transcriptional or translational level, secretion of Ysp proteins was qualitatively examined to determine whether there were additional changes that might occur at the translational level. Bacteria were cultivated for 6 h to induce the Ysa T3S system, and the profiles of secreted proteins by WT and CsrA mutant strains were compared by SDS-PAGE (Fig. 3) . The CsrA mutant exhibited over-secretion of Ysps when grown under these inducing conditions. Furthermore, complementation of the csrA mutation restored Ysp secretion down to levels similar to the WT strain. These results correlate with the observation that CsrA affects expression of the Ysa regulatory cascade. 
CsrA represses expression of Ysc T3S system genes
To assess the role of CsrA in expression of the Ysc T3S system genes, we constructed a set of transcriptional fusions with the promoters of Ysc-related genes (virF, yscB and yopE) to drive expression of the reporter gene lacZ. At the top of the regulatory cascade of the Ysc T3S system is the Class I gene, virF, which encodes an AraC-type activator (Cornelis et al. 1989) . VirF then activates Class II genes including another regulatory gene yscB. YscB in turn induces expression of Class III genes including yopE, which encodes one of the secreted effector proteins (Wattiau and Cornelis 1994) . To this end, bacteria were incubated under conditions that induce the Ysc T3S system, 37
• C in calciumdeficient media for 6 h. Expression of virF, yscB and yopE genes in WT and the CsrA mutant was quantified by measuring β-galactosidase activity. As shown in Fig. 4 , expression of virF, yscB and yopE increased 2.43-, 2.41-and 3.62-fold, respectively, in the CsrA mutant relative to WT. When csrA was reintroduced on a low copy plasmid into the CsrA mutant, expression was restored to levels similar to the WT strain. Since both Class I and Class II genes were affected in the CsrA mutant, it appears CsrA affects expression at the top of the regulatory cascade of the Ysc T3S system as well.
The csrA mutant under-secretes Yops
After uncovering the role of CsrA in expression of the Ysc T3S system genes in Y. enterocolitica, we turned our attention toward determining how the CsrA mutant was affected for Yop secre- . CsrA represses expression of Ysc T3S system genes. LacZ production from the vector pFUSE was driven by the upstream region, including the ShineDalgarno sequence, of virF, yscB, or yopE in strains GY123 (WT), GY448 (csrA), GY6536 (Vector Control, VC), and GY6535 (csrA/csrA+). Results are averages ± standard deviation of at least three independent experiments performed in triplicate. The statistical significances of the differences compared to wild type values are indicated above the bars using Student's t-test, * * * P < 0.0001. tion. Bacteria were grown for 6 h to induce the Ysc T3S system, and the profiles of secreted proteins by WT and csrA mutant strains were compared by SDS-PAGE (Fig. 5) . Compared to the WT strain, the CsrA mutant exhibited under-secretion of Yops when grown under inducing conditions. Furthermore, complementation of the csrA mutation restored Yop secretion up to levels similar to the WT strain. Interestingly, the regulatory effects of CsrA on gene expression and protein production are inversely correlated for the Ysc T3S system.
DISCUSSION
In this study, it was observed that CsrA affects expression of both the Ysa and Ysc TS3 system genes. In experiments that examined the expression of both the Ysa and Ysc T3S system genes, data were consistent with a regulatory model whereby CsrA represses the expression of the Class I genes, ysrRST and virF, respectively. Assuming CsrA acts in a direct manner, the mechanism whereby CsrA functions may follow a model based on previous studies in E. coli where CsrA binds to the RBS of glgC. This gene encodes the glycogen biosynthetic enzyme ADPglucose pyrophosphorylase and represses translation by directly blocking the RBS (Fig. 1b; Baker Vakulskas et al. 2015) . Alternatively, CsrA may cause repression by promoting the transcriptional terminator Rho to bind to the pgaA mRNA, thereby leading to the termination of pgaA transcription ( Fig. 1c ; Wang et al. 2005; Vakulskas et al. 2015) . Examination of protein secretion by the Ysa and Ysc T3S systems was revealing. In the case of the Ysa system, analysis of protein levels was consistent with the expression analysis. By analyzing expression only, it might be concluded that CsrA is acting by a mechanism that follows the uncoupling of translation model (Fig. 1b) or the transcriptional termination model (Fig. 1c) . However, in the case of the Ysc system, data from the protein analysis are not completely reconciled by either of these models. Interestingly, this is not the first observation that gene expression did not correlate directly with protein levels when regulators that function by binding mRNA have been examined.
Similarly to CsrA, Hfq is a known RNA-binding protein that stabilizes small RNAs (sRNAs) to facilitate sRNA-mRNA pairing and degradation of target RNAs to modulate transcript stability and/or translation (Vogel and Luisi 2011) . Mechanistically, Hfq can protect sRNAs from ribonuclease cleavage or present some RNAs in such a way as to promote mRNA cleavage. Alternatively, Hfq can promote RNA turnover (Vogel and Luisi 2011) . A recent study investigated the role of Y. enterocolitica Hfq in expression of yadA, which encodes an autotransporter adhesion (Kakoschke et al. 2016) . That study showed yadA expression increased but YadA levels decreased for an Hfq mutant. It was theorized that YadA might be processed by an Hfq-dependent protease and result in an observed decrease of steady-state levels of YadA (Kakoschke et al. 2016) . Also, given that the Ysc T3S system is encoded on the virulence plasmid, the differences might additionally or alternatively occur due to changes in plasmid copy number (Wang et al. 2016) .
In the case presented here, we cannot eliminate the possibility that a secondary effect may occur whereby YopE might be processed post-translationally by a protease in a CsrA mutant. Clearly, these predictions are speculative and will need to be tested, but they will help accelerate efforts to further understand the role of CsrA in the Ysc T3S system. We note that the effect of CsrA on Yop secretion appears to be different between Y. enterocolitica and Y. pseudotuberculosis. While this study shows a decrease in YopE and YopH protein levels, a previous study of Y. pseudotuberculosis observed a decrease for the entire repertoire of Yops (Nuss et al. 2017) .
Collectively, the results from this study, combined with previous work in our lab (LeGrand et al. 2015) , reveal that CsrA is a regulator controlling a wide spectrum of Y. enterocolitica activities that may reflect the organism's ability to transition from a free-living state to the parasitic lifestyle of a pathogen. It appears that CsrA is involved in fine-tuning the level of Ysa, Ysc and flagellar T3S system gene expression in response to different environments, which may allow the bacterium to adapt to unique environmental niches. 
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